It is very important to study fluid-structure interaction of vehicles which move in strong crosswind environment. For solving a fluid-structure interaction problem, the effect of the deformation and vibration of the elastic body on the flow field should be considered. However, the reaction of the vibrating flow field on the vehicle body should be computed. A kind of coach model is selected for solving the fluid-structure coupling problem. We have considered the interaction of the deformation of vehicle suspension and the displacement of sprung mass and the flow field around the coach model using a numerical simulation. The coupling method is partitioned but loosely coupled with the Fluent software to describe the flow field and the ANSYS software to describe the reaction of the structure. The numerical results are in good agreement with the experimental data.
Introduction
The stability control is directly related to the safety of a vehicle, which is mainly based on the forces and moments due to flow field around vehicle body and the response of vehicle body, especially in the high speeds. The stability analysis has been regarded as a very important issue in the vehicle aerodynamic researches. In crosswind, the deformation of suspension will cause notable deviations in the aerodynamic lateral force and lift force (especially for coaches with high aspect ratio of cross section), and therefore, the driving safety is deteriorated.
The significance of stability control and the complexity of the crosswind forcing mechanisms have led to a considerable amount of research work, either experimental or numerical. The aerodynamic forces acting on a moving vehicle passing through the wake of a bridge tower under crosswind by a numerical-experimental methodology were studied by Rocchi et al. 1 Tsubokura et al. 2 studied the unsteady aerodynamic response of a road vehicle in transient crosswinds by a computational fluid dynamics (CFD) method with large-eddy simulation (LES) turbulence modeling. Suzuki et al. 3 considered three kinds of wind tunnel tests to evaluate the aerodynamic characteristics of typical configurations of infrastructures such as bridges and embankments.
The crosswind causes deformation of vehicle. Although some studies on such phenomenon have been carried out by several authors 4, 5 with system simulation method, one cannot see enough quantified researches on the rolling traits of sprung mass. The existing analysis method is limited in the scope of system dynamics; the research results have no interpretation from the prospect of fluid mechanism. With the development of computer performance and simulation technology, the fluid-structure interaction (FSI) analysis in the crosswind is necessary and feasible.
In the application of FSI, we can consider loose coupling and strong coupling between the fluid and the structure. For loose coupling, typically the arbitrary Lagrangian-Eulerian (ALE) method is used where the flow equations are discretized on a moving grid that follows the motion of the structure. With loose coupling FSI method, a time-accurate computational analysis of vertical tail buffeting of full F/A-18 aircraft was conducted by Sheta and Huttsell. 6 For biomedical and biological applications, typical compliant structures such as vessels or membranes in strongly coupling problems have been studied by Lemmon and Yoganathan. 7 Many technological problems in engineering can be described using loosely coupling methods for FSI, such as industrial chimney, 8 turbomachinery, 9 bridges, 10 and so on. This study focuses on the case of FSI problems characterized by bluff body considering suspension system, when the local deformation is negligible compared to the displacement. As solid, the structure of body and suspension can be accurately modeled with a finite element formulation. For vehicles moving near ground, the air is considered as an incompressible fluid. Since the meshes of structure and fluid domain on the coupling interface are not exactly matched in the simulation, interpolation is required when parameters are transferred to each other on both sides of the interface to study the FSI problem.
This article is organized as follows: in section ''Mechanical model of vehicle structure,'' the mechanical model of vehicle structure is briefly explained. Section ''Fluid model'' describes the fluid model, section ''Fluid-structure coupling'' describes the fluidstructure coupling method, and section ''Coupling computational method validation'' describes the coupling computational method validation by simple model experiment. Section ''Coach model under crosswind action'' presents the calculation result of a coach model and section ''Conclusion'' concludes by summarizing the main aspects of the work.
Mechanical model of vehicle structure
The vehicle structure was modeled by the entity element in ANSYS (Figure 1 ). The computational restriction was the fixed connection constraint between the wheels and ground; other surfaces were defined as fluid-solid interface. The related mechanical parameters of the air spring were the elastic modulus E = 27.8 MPa, damping factor b = 0.15, and density r = 1000 kg/m 3 . According to the characteristic of air spring suspension system, the 6-degree-of-freedom space movement model of coach was established and is shown in Figure 2 . The dynamic matrix reaction between external forces and general displacements can be described by the following equation
where M is the mass matrix, k is the stiffness matrix, c is the damping matrix, and F(t) is the load imposed by the fluid, which includes surface pressure and shear stress. For the membrane structure, 11 the shearing strength cannot be neglected normally; but for coach structures, the effect of shear strength imposed by the fluid is low, and the structure is not sensitive to the shearing strength action. The dynamic reaction of the coach body is described by the body's displacement x, the speed _ x, and the acceleration € x. Especially, the fluid damping is included in the right term of equation (1); it is not in the damp matrix c.
Fluid model
The Reynolds-averaged Navier-Stokes (RANS) model has acceptable accuracy in the vehicle engineering applications. For incompressible fluid, the momentum equations can be expressed as
For solving these equations by a numerical method, the unknown Reynolds stresses term must be modeled. For modeling the Reynolds stresses, we have used standard k-e turbulence model. Based on Boussinesq assumption, 12 the relationship between Reynolds stresses and mean quantities of the flow field is given by
where m t is turbulence dynamic viscosity, k is kinetic energy, and d ij is Kronecker delta. For determining m t , according to semi-empirical assumption, the turbulence model is closed by introducing two equations of kinetic energy k and diffusion rate e. The control equations of k and e are as follows
where G k represents the turbulent kinetic energy created by the average velocity grads, C 1e = 1:44, C 2e = 1:92, s k = 1:0, and s e = 1:3, determined by the classical experiments.
In this article, due to the importance of wall function in the computation, a two-layer-based, nonequilibrium wall function 13 was adopted to describe the structure of boundary layer. Different from the standard wall function, the log-law for mean velocity sensitized to pressure gradients isŨ
The physical viscous sublayer thickness y v is computed from
where y Ã v = 11:225. The nonequilibrium wall functions are more accurate for describing the wake behind vehicles because the mean flow and turbulence are subjected to severe pressure gradients and change rapidly.
Fluid-structure coupling
Generally, two methods are used for fluid-structure coupling analysis: strongly coupling and loosely coupling. For strongly coupling method, the whole set of equations of fluid and structure need to be built in the same form and solved synchronously. Furthermore, the consistency of grid nodes on the interface surfaces must be guaranteed. So, this method is usually adopted in the theoretical problems with geometric simplification. 14 Compared with strongly coupling method, the advantage of loosely coupling method is that CFD code and computational structural dynamics (CSD) code can be fully developed independent of the predominance of each other. Based on data exchanging platform between the structure field and the flow field, loosely coupling method solves the CFD and CSD equations and, in turn, in each time step, it solves the aerodynamic force by CFD code and the dynamic parameters of the structure reaction by CSD code.
Current work focuses on a bluff body, in particular, a rectangular cross-sectional body, with a clear predominance of the shape resistance over the friction resistance. The flow field around the body is characterized by large Reynolds numbers and flow separation around the body cross section. It is concluded that loosely coupling method 15 is very efficient for solving such FSI problem. In the coupling scheme, the structural solution is integrated in the fractional step procedure, and the ALE 16 formulation is used to take into account the deformation and re-meshing of the fluid mesh.
The time step iteration algorithm of loosely coupling method for solving the fluid-structure problem is shown in Figure 3 . The vertical direction represents the progress of the time step, the horizontal direction represents the current status, and the arrow head means the calculation procedure. 17 According to the procedure depicted in Figure 3 , the calculation started from the CFD model. After one time step Dt, the wind load P obtained will return to the CSD model for transient analysis. After another time step Dt, the moving speed of the structure obtained from CSD will return to the CFD model. Due to the deformation of the CFD mesh, the new solution of the flow field will be obtained. This procedure is repeated until the designed convergence value is achieved.
For FSI problem simulation, the movement of mesh is inevitable. Generally, the flow dynamic transport equation of viscous fluid described by finite volume is given as
where for the continuity equation, f = 1; for the momentum equation, f = (u, v, w); and for the k-e turbulence model, f = (k, e). The diffusion coefficient G f and source term S f are selected by the value of f. In the case of transient moving mesh, the value of the transport speed is equal to the residual value of Euler speed or absolute speed minus the moving mesh speed u g . In order to ensure the conservation of mass, the following equation must be satisfied for each control volume
ALE method introduces the conception of ''mesh flux'' across the control surfaces to replace the integral term of the moving mesh speed so as to avoid direct calculation of the moving mesh speed. The movement of the control surface during the iteration process is the source of ''mesh flux.'' So, in discrete form, the convective term including the moving mesh speed in the transport equation could be written as ð
Based on the flux passing through the control volume caused by fluid motion minus ''mesh flux,'' every transport equation is solved. The moving mesh speed is not required as a known parameter of the flow region but given explicitly at the moving nonpenetrating wall. Furthermore, the boundary conditions are available as in the case of normal CFD simulation.
Coupling computational method validation
A 1/4-scale Ahmed body 18 with a backward angle of 25°was taken for validation, whose length was 260 mm. For researching the FSI problem, special spring system of Ahmed body was designed, which consisted of spring, packing, and copper sleeve with which the system was fixed on the ground, as shown in Figure 4 .
The 4 degrees of freedom of the dynamic model was adopted to simulate the dynamical behavior of improved Ahmed body that is supported by four springs (elastic coefficient 3921 N/m) with total weight of 705 g. The experiment was carried out in a 1/15-scale open-jet wind tunnel, as shown in Figure 5 . Relative to the flow direction, the yaw angle was 90°, and the inlet velocity of nozzle was selected as 20, 25, 30, 35, and 40 m/s.
In numerical study, the calculation domain was divided into fluid zone and structure zone, and all of the zones were discretized with tetrahedron meshes. For fluid simulation, a typical surface mesh element had a size of 10 mm, and the smallest surface element had a size of around 1 mm surrounding support poles of model body. The surfaces of the virtual wind tunnel were discretized also with triangle mesh elements about 200 mm. There were about 2,000,000 cells in the fluid zone and about 40,000 elements in the structure zone. The surface mesh on the interface which belongs to the fluid zone and the structure zone is shown in Figure 6 .
Finite volume method (FVM) and finite element method (FEM) were adopted to calculate the parameters of the fluid zone and the structure zone, respectively. The k-e model and impermeable boundary condition were used for flow field simulation. A linear model was used for structure reaction simulation. The surface displacement of the structure and the pressure of the flow field on the interaction face were transferred to each other by profile preserving interpolation and conservative interpolation 19 with the relaxation factor set as 0.8. FSI coupling process began from fluid zone. In the studied cases, the wall y + values were mainly in the range of 30-300, and wall functions were indeed valid.
Because ALE method was adopted, dynamic mesh option was activated for numerical simulation. On account of topological homeomorphism and moderate deformation, only spring-based smoothing model 20 was used in the dynamic mesh processing. For better mesh quality, elasticity coefficient and boundary node relaxation factor were 0.6 and 0.5, respectively. The displacement of improved Ahmed body measured by wind tunnel test is shown in Figure 7 , and the displacement and the deformation of mesh simulated by numerical method are shown in Figure 8 . The comparison of deformation angle that is shown in Figure 9 illustrates the consistency of test data and simulation results.
Generally, the simulation results of body deformation were greater than test data because of the inevitable surface contact friction of sleeve and special spring system. When the wind speed was 20 m/s, there was small deviation between simulation results and test data due to little friction with small deformation of special spring system. As the wind speed increased gradually, the deformation and friction increased simultaneously. Because the wind load overcame the friction resistance when the wind speed was 40 m/s, the simulation results agreed with the test data well again (error = 2.6%).
The difference in vortex topological structure shown in Figure 10 illustrates that the structure of attached vortex above the Ahmed body is more complicated when FSI is considered. Because of the obvious separate bubble on the top of Ahmed body, the lower pressure causes an increase in aerodynamic lift force on Ahmed body. Table 1 shows aerodynamic force components, and Table 2 shows the relative position of front stagnation point and back attachment point.
Based on the data of wind tunnel test, the numerical method of FSI problem simulation was validated. Furthermore, the difference between simulation results of uncoupling and coupling method was compared and analyzed.
Coach model under crosswind action
The resulting coach model has an overall length of 13.67 m, width of 2.55 m, and height of 3.96 m and a frontal area of 10.10 m 2 . The computational domain was set to be 96.00 m in length, 54.00 m in width, and 20.00 m in height.
The structure zone and fluid zone were discretized with unstructured tetrahedron mesh. For fluid simulation, a typical surface mesh element had a size of 250 mm, and the smallest surface element had a size of around 20 mm surrounding the details and wheels of coach model body. The surfaces of the virtual wind tunnel were discretized also with triangle mesh elements, about 500 mm. There were about 8,000,000 elements in fluid zone and 80,000 elements in structure zone. Figure 11 shows the surface mesh on the interface which belongs to fluid zone. Cells of prismatic layers were created just off the vehicle surfaces (including the underbody) in order to better resolve the boundary layers over the coach surfaces. In the cases studied, the wall y + values were mainly in the range of 30-300, and wall functions were indeed valid.
Spring-based smoothing model and re-meshing method were used in the dynamic mesh processing. For better mesh quality, elasticity coefficient and boundary node relaxation factor were 0.6 and 0.5, respectively, and 50 iterations were set for data transfer of interface surfaces. The parameters on the interaction surfaces of different zones were transferred to each other by profile preserving interpolation and conservative interpolation with the relaxation factor set as 0.8. The time step was set to 0.01 s, and the total simulation time was 5 s. In each time step, 30 iterations were set for solving flow field, and 10 iterations were set for FSI processing.
The boundary conditions for the computation were set as follows: in order to simulate the behavior of crosswind, two kinds of inlet surfaces were used. For the inlet surface in front of coach model head without crosswind, the incoming velocity was set to U (X direction velocity) = 30 m/s, V (Y direction velocity) = W (Z direction velocity) = 0 m/s, turbulence level of Tu = 1%. For the inlet surface next to the left side of coach model with crosswind, the incoming velocity was set to V = 4t m/s, where t is crosswind lasting time from 0 to 5 s, U = W = 0 m/s, turbulence level of Tu = 1%. At the exit of computational domain, the pressure outflow condition was specified. Inviscid moving wall condition was applied at the floor. Symmetry condition was selected at the top of the virtual wind tunnel. At the coach model surfaces, velocity of flow was set to 0. It means that the simulation solves the FSI problem of a coach moving in gust of crosswind which lasts for 5 s.
The acceleration, velocity, and displacement time history of sampling point on the coach model body are plotted in Figure 12 . Figure 13 shows the displacement of coach body at the end of simulation. The absolute value of maximum displacement is 0.117 m on the top of coach model.
With uncoupling method and coupling method simulation, the calculation results of drag force, lift force, and lateral force on the coach model body are plotted in Figure 14 . For drag force and lift force, besides the same increment trend, the value of coupling method simulation results is greater than uncoupling method simulation results under stronger crosswind. For lateral force, the results of coupling method simulation are almost the same as that of uncoupling method simulation. Table 3 shows aerodynamic force components at the end of simulation. The pressure difference of coach model simulated by uncoupling method and coupling method is shown in Figure 15 . Because of the lower pressure on the top of coach model caused by separate bubble and higher pressure under the bottom of coach model caused by lower velocity, there is a substantial discrepancy between the lift force and the pitching moment calculated by uncoupling method and coupling method, respectively.
When the velocity of crosswind was 10 m/s (t = 2.5 s), the deformation of coach model was too small to show FSI phenomenon, and the aerodynamic forces were roughly unchanged. But when the velocity of crosswind was greater than 10 m/s (t . 2.5 s), the FSI phenomenon was increasingly necessary to be solved with the increase in crosswind speed, as shown in Figure 14 . Figure 16 shows the deformation velocity of mesh in fluid zone including 25 frames (one frame per 2 s). Because of the control technology of boundary layer mesh and reasonable parameter setting, the velocity uniformity of boundary layer mesh and the topological homeomorphism of most mesh in fluid zone were guaranteed. It is seen from Figure 16 that deformation of mesh decreased and vanished when the location was gradually away from the coach model surface.
In this study, the requirement of computational resource including hardware and CPU time for coupling method is almost one order of magnitude higher than that for uncoupling method. Furthermore, the coupling method is less robust than uncoupling method.
Conclusion
A wind tunnel experiment for investigating FSI problem of simplified vehicle body (Ahmed body) has been developed. Despite its simplicity, the experiment can successfully capture the basic FSI physical behavior of bluff body under crosswind. The experiment data and Figure 16 . Deformation velocity of mesh in fluid zone.
snapshots of flow field visualization were obtained for validating the numerical method of FSI simulation. The loosely coupling method based on the MFX-ANSYS or Fluent coupling platform can effectively calculate the fluid-structure coupling characteristics of the bluff body with suspension system. It is critical to define the coupling surface and determine the coupling time step. The coupling platform is between the software ANSYS and Fluent, which can exchange the calculated pressure in the flow field with the calculated displacement in the structure field.
When FSI is considered, stronger aerodynamic force on vehicle body and deformation of vehicle structure mean higher overturning risk of the vehicle due to directly blowing and driver's mistakes because of misjudgments and psychological effect. All these results bring new possibilities and advances in the field of safety assessment and control stability simulation for vehicles under crosswind. The style of vehicle prototype, the performance parameter of suspension system, and the effectiveness of active and passive control devices for the suppression of vibrations of vehicles body can be estimated in early design stages.
